All or part of a myocardial infarction (MI) can be preferentially enhanced on computerized transmission tomography after i.v. administration of iodinated contrast material. To examine the relationship of this phenomenon to the presence of myocardial necrosis, the blood flow profile of the MIs and the distribution of radionuclide infarct imaging agents, collateralized infarcts were produced in six dogs (group A) and noncollateralized infarcts were produced in nine dogs (group B). After 48 hours of coronary occlusion, each dog received technetium-99m pyrophosphate ( mTc-PYP), thallium-201 (201T1), indium-111-labeled microspheres and meglumine sodium diatrizoate (Renografin-76) before sacrifice.
SUMMARY All or part of a myocardial infarction (MI) can be preferentially enhanced on computerized transmission tomography after i.v. administration of iodinated contrast material. To examine the relationship of this phenomenon to the presence of myocardial necrosis, the blood flow profile of the MIs and the distribution of radionuclide infarct imaging agents, collateralized infarcts were produced in six dogs (group A) and noncollateralized infarcts were produced in nine dogs (group B). After 48 hours of coronary occlusion, each dog received technetium-99m pyrophosphate ( mTc-PYP), thallium-201 (201T1), indium-111-labeled microspheres and meglumine sodium diatrizoate (Renografin-76) before sacrifice.
Residual blood flow in the center of the MI was 3-27% in group A and less than 3% in group B. In group A, the iodine concentration in the center (1.33 mg/g myocardium), periphery (1.48 mg/g), and margin (1.09 mg/g) were several times higher than normal myocardium (0.45 mg/g). The distribution of "9mTc PYP was similar to that of iodine; the distribution of 201TI was roughly the inverse of that of iodine.
In group B, the average iodine and OmTc concentrations in the margin, and periphery of the MI were several times higher than that in normal myocardium, but in the center neither concentration was significantly higher than normal. However, there was no consistent relationship between iodine and 201TI, as concentrations of iodine and 201TI were low in the center of the infarct and were inversely related at other sites.
The results show that contrast material has a distribution in MI similar to that of "9mTc PYP and both are markers of ischemic myocardial necrosis. Distribution of both agents in the MI depends on a threshold level of residual myocardial blood flow. COMPUTERIZED transmission tomography (CTT) has been used to image myocardial infarctions in experimental animalsl-3 and, in a few instances, in man.' After i.v. or intracoronary administration of iodinated contrast material to dogs with myocardial infarctions, CTT scans have shown delayed and differential enhancement of the area of ischemic damage compared with normal myocardium. Measurement of myocardial tissue concentration of iodine have confirmed this preferential accumulation of contrast material in infarcted myocardium and have shown peak concentrations of iodine in the infarct at 10 minutes after i.v. administration of the contrast material. 5 Contrast material therefore can provide a positive image of the infarct on the CTT scan, similar to the image produced by technetium-99m pyrophosphate (99mTc-PYP) on scintigraphic scans of acute myocardial infarction.6 Moreover, like the BmTc-PYP scan, the pattern of contrast enhancement has been homogeneous in some infarcts and only partial or peripheral in others" 2 ( fig. 1 ). For the most part, S9mTc-PYP accumulates in irreversibly damaged myocardial cells and signifies the presence of myocardial necrosis.6'8 The significance of differential ac-cumulation of iodinated contrast material in areas of ischemic myocardial damage has not been determined.
The purpose of the current study was to determine the significance of contrast enhancement of myocardial infarctions by studying the relationship of accumulation of contrast material (iodine) to myocardial necrosis and residual myocardial blood flow. We also compared the myocardial distribution of contrast material with the distribution of the important hot spot (99mTc-PYP) and cold spot (201TI) radiopharmaceuticals. Two types of acute myocardial infarctions were produced. One group of dogs had well-collateralized infarcts and the other group had poorly collateralized dense myocardial infarctions.
Methods
Fifteen mongrel dogs underwent operative ligation of the largest obtuse marginal branch of the circumflex coronary artery during general anesthesia (pentobarbital sodium, 25 mg/kg). In six dogs (group A), all potential collateral vessels were left intact; in nine dogs (group B), the distal ends of epicardial vessels that coursed toward the area of distribution of the ligated obtuse marginal artery were also ligated. After 48 hours, the dogs were reanesthetized, the thoracotomy was reopened and a catheter was placed in the left atrium. Before sacrifice, the following substances were administered intravenously: 5-6 mCi of s9mTc-PYP at 45 minutes, 530-590 mCi of 201TI at 15 minutes and 2 ml/kg of Renografin at 10 minutes before sacrifice. Five minutes before sacrifice, 1 739 VOL 65, No 4, APRIL 1982 FIGURE 1. Examples of computerized transaxial tomographic scans from two dogs with 48-hour-old myocardial infarctions. The dogs were sacrificed 10 minutes after i.v. administration of Renografin-76, 2 ml/kg, and the excised hearts were scanned in a cranial scanner. The scan on the left shows partial or peripheral enhancement of the infarct; the central area of the infarct is not enhanced. The scan on the right shows enhancement of the entire infarct. These scans were obtained as described previously.2 million "'In-labeled (420-460 mCi) albumin microspheres (3M Co.) were injected through the atrial catheter. The microspheres were administered within 1 hour after labeling. Before injection, the microspheres were agitated for 5 minutes. The diameter of the microspheres was 10-35 A (mean 20 4) . In two other dogs, 1 million 85Sr-labeled (500 mCi) carbonized microspheres and 1 million "'In-labeled (500 mCi) albumin microspheres were injected through the atrial catheter 5 minutes before sacrifice. The carbonized microspheres had a diameter of 15 g. In one dog, the 85Sr-labeled microspheres were injected first, followed by the "'In labeled microspheres; in the other dog the order was reversed.
After sacrifice, each heart was removed and sectioned at 1-cm intervals from apex to base along the major axis of the left ventricle and incubated in nitroblue tetrazolium dye as described previously." 2 The endocardial and epicardial borders of the LV wall were traced onto clear film overlays. In the septal area, the right ventricular side of the septum was substituted for the epicardial border. The area of grossly visible myocardial infarction was also traced onto the same overlays. Two myocardial slices were selected where the infarcted area was largest; five tissue samples were cut from each of the two transverse slices ( fig. 2 ). The tissue sample included the subendocardium and extended through approximately half the thickness of the myocardial wall. Some samples extended through less than half of the myocardial wall when the infarct was confined to a small subendocardial site. Each sample from infarcted tissues was taken from within the grossly visible border of the infarct. Samples were obtained from the center of the infarct, the periphery of the infarct, and from just inside the visible margin between infarcted (unstained) and normal (stained) myocardium. Tissue samples were also obtained from grossly normal myocardium adjacent to the infarct and from normal myocardium on the ventricular wall opposite the infarct. Each sample was divided into two equal parts. A thin slice from each sample was taken for histologic examination after hematoxylin and eosin staining. The volume of tissue samples varied from 0.21-1.06 ml. The volume of samples was predicated upon the volume of the infarct. In each dog, approximately similar volumes were obtained from each site. The volume of each tissue sample was determined by placing the sample in a graduated 1.5-ml cylinder and measuring from a calibrated burette the volume of fluid needed to fill the cyclinder to the 1.5-ml mark.
The percentage of the left ventricular mass involved by myocardial infarction was measured by planim-
The sites in the infarct and normal myocardium from which samples were obtained to measure iodine and radionuclide concentrations. MI = myocardial infarction; RV = right ventricle; LV = left ventricle; normal,normal myocardium near MI; normalfnormal myocardium far from MI.
CIRCULATION
CONTRAST ENHANCEMENT OF MI/Higgins et al.
etry of the infarcted area and the area of the left ventricular wall previously traced on the overlays. This was accomplished with an ultrasonic digitizer interfaced to a Hewlett-Packard Model 9825T desktop microprocessor and printer-plotter. The size of the infarct in each instance was expressed as a percentage of the total left ventricular wall. The iodine content in each tissue sample was determined by fluorescent excitation analysis and the concentration was calculated as the quotient of the iodine content and the volume of the tissue sample. Fluorescent excitation analysis and its use for assessing iodine concentration in the myocardium have been described. 9 The tissue samples were also assayed for radioactivity in a well-type automatic gamma scintillation counter (Searle model 1185R). Counts were obtained from the photon energy peaks of "mTc (140 keV), 201T1 (80 keV) and "'In (243 keV). Background counts in each of these channels were also obtained and subtracted from total counts. For each isotope, counts were obtained for minute. Isotope activities were determined within 3 hours after sacrifice and repeated again 24 hours after sacrifice. The raw counts in the specific channel for each isotope were corrected for cross-contribution activity from the channels of the other two isotopes using simultaneous equations for the three isotopes.'0 The concentration for each element from each site was computed as the average concentration of four samples. These four samples resulted from the samples obtained from the same site on the two adjacent myocardial transverse slices and each of these samples was divided into two samples.
Iodine was expressed as mg/g of tissue and radionuclides as counts/g of tissue. To compare the distribution of iodine and various radionuclides, the concentrations were expressed as a percentage of the concentration in normal myocardium. There was no difference in the concentrations of elements between the two sampling sites in normal myocardium.
In the two dogs given "Sr-labeled carbonized microspheres and "'In-labeled albumin microspheres, the distributions of the two sets of microspheres were almost identical. The distributions of the isotopes showed a very close linear relationship in the two dogs (r -0.99 and 0.98). Although there are apparent differences in the distribution of microspheres between the subendocardial and subepicardial myocardial layers based upon the size of the spheres," the distribution of the 15-,u carbonized microspheres and the larger albumin microspheres in various regions of the infarct and normal myocardium were nearly identical.
The relationship between the distribution of iodine to the distribution of "mTc-PYP, 201TI and "'In-labeled microspheres was analyzed by multiple regression analyses to determine the best-fit formula. The concentrations of the various elements at sites in the infarct were compared with that in normal myocardium using repeated-measures analysis of variance. The residual blood flow at various sites in the infarcts of group A were compared with those in group B by analysis of variance. The volumes of the infarcts in group A were compared with those in group B by group t test.
Results
Characteristics of Myocardial Infarctions
Collateralized Infarcts (Group A) The collateralized infarcts were almost uniformly pink, in contrast to the reddish color of normal myocardium. Hemorrhagic areas were interspersed throughout the infarct, and there was always at least a thin rim of grossly normal myocardium between the edge of the infarct and the epicardial surface. Histologic characteristics were neutrophilic infiltration, coagulation necrosis, prominent vascular congestion and hemorrhage, and microcalcification. Sections from the center and periphery of these infarcts had similar features. Sections from the margin revealed interspersed areas of necrotic and normal myocardial cells.
The volume of the collateralized infarcts averaged 13.1 ± 5.3% (± SD) of left ventricular volume, which was not significantly different from that in group B (table 1) . Residual blood flow was 14.0 ± 11.6% of 
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VOL 65, No 4, APRIL 1982 normal in the center of the infarct, 27.0 ± 23.2% in the periphery, and 35.6 ± 18.9% at the margin of the infarct. The lowest value for residual blood flow in the center of the infarct in group A was 3% of normal. The residual blood flow in the center of the infarct was significantly higher than that in group B (p < 0.01).
Dense Infarcts (Group B)
The dense infarcts consisted grossly of a central core of pale gray tissue surrounded by a peripheral zone of variable size. The peripheral region was pink and contained hemorrhagic areas. Histologic appearance in the central core was characterized by coagulation necrosis and the absence of neutrophilic infiltration, vascular congestion and calcification. The periphery was characterized by coagulation necrosis, vascular congestion and hemorrhage, neutrophilic infiltration and microcalcification. Sections from the margin revealed interspersed areas of necrotic and normal myocardial cells.
The volume of the infarcts averaged 19.9 ± 9.9% of left ventricular volume (table 1). Residual blood flow was 0.7 ± 0.9% of normal in the center, 6.4 ± 5.6% in the periphery, and 46.3 ± 17.2% at the margin of the infarct. In all infarcts in group B, residual flow in the center was less than 3% of normal blood flow.
Distribution of Iodine and Radionuclides in Collateralized Infarcts
Iodine and 9"mTc-PYP showed a similar distribution profile in collateralized infarcts ( fig. 3 ). There was a high correlation coefficient for the direct linear rela- tionship between iodine and "9mTc-PYP distributions in all six dogs in this group (table 2) . The concentration of "mTc-PYP was substantially higher in the margin (p < 0.05), periphery (p < 0.05) and center (p < 0.05) of the infarct than in normal myocardium ( fig.  4 ). The distribution of iodine was also higher in the margin (p < 0.05), periphery (p < 0.01) and center (p < 0.05) of the infarct than in normal myocardium. The distributions of 201TI and "'In-labeled microspheres showed an inverse nonlinear relationship to that of iodine ( fig. 5, table 2 ). The concentration of 201TI and "'In microspheres decreased progressively from the margin to the center of the infarct (fig. 4 ). The concentrations of 201TI and "'In at each of the three sites in the infarct were significantly lower than in normal myocardium (p < 0.01).
Distribution of Iodine and Radionuclides in Dense Infarcts
Iodine and "mTc-PYP showed a similar distribution profile in the dense infarcts (figs. 6 and 7). There was a high correlation coefficient for the direct linear relationship between iodine and "9mTc-PYP distribution in all nine dogs in this group ( fig. 6, table 2) . In contrast to the collateralized infarcts, the concentrations of iodine and 99mTc-PYP were not increased in the center of the dense infarcts ( fig. 7) . The concentra-CIRCULATION 742
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The residual blood flow in the center of dense infarcts averaged 0.7 ± 0.9% of normal, and iodine and 89mTc were not present in higher concentrations than in normal myocardium. In each dog in this group, residual blood flow in the center of the infarct was less than 3% of normal; in six dogs, blood flow was less than 1% in the center of the infarct. Thus, the distribution patterns of both iodine and I*mTc-PYP depended upon a threshold level of residual myocardial blood flow to the center of the myocardial infarction. tions of "mTc-PYP were substantially higher at the margin (p < 0.01) and periphery (p < 0.01) of the infarct than in normal myocardium or the center of the infarct. The distribution of 201TI and 1'1In-microspheres showed a rough inverse nonlinear relationship to the distribution of iodine, but the correlation coefficient for this relationship was poor ( fig. 8, table 2 ). The poor correlation was due to the low concentration of iodine, 201TI, and "1In in the center of the infarct, while at other sites the concentration of iodine varied inversely with the concentration of the other two elements.
Relationship of Distribution of Iodine and "9mTc-PYP to Residual Blood Flow in the Infarcts
Residual blood flow in the center of collateralized infarcts averaged 14.0 ± 11.6% of normal coronary blood flow, and both iodine and 99mTc-PYP were present in substantially higher concentrations than in normal myocardium. In each dog in this group the residual blood flow in the center of the infarct was 3% or more of normal myocardial blood flow. 
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----r----I cells, but do not accumulate in normal myocardial cells.8' [12] [13] [14] Although both experimental" and clinical15 studies have raised the possibility that "mTc-PYP can accumulate to a slight degree in reversibly damaged myocardial cells, accumulation of "9mTc-PYP generally indicates irreversible myocardial damage.6 7, 13 A recent study from our laboratory using scanning electron microscopy with elemental x-ray dispersive microanalysis indicated that substantial levels of iodine were measured in myocardial cells within the infarcted region, but no iodine was detected in normal myocardium. 15 The damaged myocardial cells that accumulated iodine showed drastic alteration of intracellular sodium-potassium ratio, suggesting the loss of cellular membrane integrity and probably irreversible cellular damage. Whether iodine accumulation occurs to any degree in reversible damaged myocardial cells has not been established.
In contrast to 99mTc-PYP and iodinated contrast material, 201TI, like other potassium analogs, is taken up by normal myocardial cells. Concentration of 201Tl in the myocardium is related to the level of myocar- The distribution of radiopharmaceuticals for hot spot ("mTc PYP) and cold spot (201TI) imaging of myocardial infarctions and the dependence of this distribution on the level of residual myocardial perfusion have been studied.7'" The distribution profiles found in the current study and in previous studies are qualitatively similar.
Buja et al.7 demonstrated that in the maximally ischemic central zone of the infarct, the concentration of "mTc-PYP was similar to that of normal myocardium, whereas the concentration was many times higher in the outer central and peripheral zones of the infarct; the average value for residual myocardial perfusion in the central zone was 4% of normal. The latter value correlates well with the threshold level of myocardial perfusion (3%) found in the current study for accumulation of 9BmTc-PYP and iodine in acute myocardial infarctions. Comparison of the distributions of iodine and 99mTc-PYP in two types of infarction used in the current study are consistent with the notion that iodine, like "mTc-PYP, is a marker of ischemic myocardial necrosis but its accumulation in regions of ischemically damaged myocardium depends upon a threshold level of residual myocardial perfusion.
Technetium-99m-labeled phosphate compounds are accumulated by ischemically damaged myocardial *0 man have shown two patterns: global or homoge-* neous uptake and peripheral uptake producing a doughnut pattern.6 ' 7, 21-23 The former pattern tends to 3 * DOG #11 be associated with subendocardial infarctions and the r =-0.62 latter pattern with large anterior myocardial infarctions. Likewise, CTT scans of experimental myocar-** dial infarctions after i.v. administration of contrast material have shown both global and partial en-* hancement."' 2, 24 Partial enhancement has generally, but not always, been peripheral. The distinctly different profiles of distribution of iodine and "9mTc-PYP in the collateralized and dense infarcts in the current study are consistent with the notion that the -@ * patterns of the scans with infarct-avid agents is critically influenced by the level of residual myocardial blood flow7 ' 12, 26 or reperfusion of the area of infarction. 26 In the current study, the volume of the my- tribution of contrast material and Tc-PYP were 20K 50K 1 00K 150K 200K 250K roughly similar to those found in the current study; 201T1 cpm/gm however, they believed that the pyrophosphate extended into the periphery of the infarction while the The relationship between iodine (I) and
contrast material was confined to a border zone )1 (201 TI) concentrations in a dog with a dense in-between the normal and infarcted myocardium. In the two samples obtained from the center of the in-current study, direct comparison of tissue concentragw concentrations of both iodine and 201T1, while tions of iodine and BimTc-PYP revealed a direct linear om other sites showed an inverse relationship relationship between the distribution of the two e two elements. elements in both collateralized and dense myocardial infarctions. The dispute between our interpretation, sport by myocardial cells.'8 ' In the current that contrast material is differentially accumulated in in a previous study,7 there was substantial, the periphery of poorly collateralized myocardial in-.d, 201TI activity at the margin of the infarct farctions, and the conclusion by Doherty et al.,24 that Tc-PYP activity was most intense. This is it marked a noninfarcted border zone, has implicay a zone where residual blood flow is subtions for estimating the volume of infarcted myocarut insufficient to maintain viability of many dium. Our results suggest that the outer margin of the il cells.
contrast-enhanced area of CTT scans should be used )od flow profile in both the dense and to measure area or volume of the infarct, whereas zed infarcts can be compared with the blood Doherty et al. used the inner margin of the enhanced rved in the necrotic and ischemic zones muyocardium to measure the size of the infarct. Vokonas et al.20 From their precise com-CTT scans of myocardial infarctions obtained 10 f histopathology with infarction, the transiminutes after i.v. administration of contrast material viable to necrotic myocardial cells in the have shown differential enhancement of the infarcted one was associated with residual blood flow area in experimental animals" 2 and in man.3 Contrast 55% of normal myocardial blood flow. In enhancement of the ischemically damaged region has mals in the study of Vokonas et al., the been observed as early as 8 hours after coronary lood flow at the edge of the necrotic zone arterial occlusion2 and has also been observed in )% of normal blood flow. In the current evolved myocardial infarctions 2 months after corresidual blood flow at the margin of the inonary arterial ligation. 27 The highest concentration of in the range characteristic of the onset of iodine (contrast material) in infarcted myocardium Ll necrosis in the study of Vokonas et al. 20 and the widest absolute difference in iodine (contrast ake of "mTc-PYP and iodinated contrast material) concentration between normal and infarcted is increased in the ischemic zone in which myocardium occurs 10 minutes after i.v. administrail blood flow has been reduced enough to tion of contrast material. Because discrimination nyocardial necrosis.
between structures on CTT scans depends largely on *aphic scans of 99mTc-PYP uptake in acute absolute differences in x-ray density, detection and siz-Ll infarctions in experimental animals and in ing of the infarct are best accomplished at this time. No 4, APRIL 1982 This differential concentration of iodine in infarcted and normal myocardium can be detected for at least 3 hours using sensitive physiochemical analysis of tissue samples. 5 The ideal method for sizing infarctions on CTT scans has not been determined. It is not clear whether measurements should be made during the early perfusion phase scans after i.v. administration of contrast material when normal myocardium is differentially enhanced, or 10 minutes after cessation of contrast material administration when the margin of the infarct is enhanced. When delayed contrast-enhanced scans are used to size the infarct, it is not clear whether the inner or outer margin of the contrastenhanced area should be used for volumetric measurements.
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